We expand the blob theory for freely-jointed chains and perform molecular dynamics simulations to study the behavior of polymers confined in cylindrical channels. From weak to strong confinement, five scaling regimes, de Gennes, extended de Gennes, transition, backfolding, and Odijk regimes, are distinguished for neutral polymers. The size scalings in each regime are derived as a function of the channel width. The scaling exponents −1 and −1/3 are obtained for the transition and backfolding regimes, respectively, which result from the reduction of the excluded volume of the segments by restriction of the segment's orientation in the narrowed channels. For charged flexible chains, the de Gennes regime is split into Flory-de Gennes and electro-de Gennes regimes owing to strong Coulomb repulsion in electrostatic blobs. Nonetheless, the extended de Gennes and transition regimes are shrunken. The study of the fluctuations of the chain size shows consistent scaling demarcations for both the neutral and charged chain systems.
When a polymer is confined in a channel, the variational behavior of chain size can be separated into different regimes, depending on the confinement [1] [2] [3] . In weak confinement, the de Gennes regime has been validly explained by the blob theory over the years 4, 5 while in extremely strong confinement, the deflection chain theory has been used to understand the Odijk regime 6, 7 . What we know less well is the behavior in strong confinement. Several regimes have been claimed and theories are still under development or debate. For example, a chain can partially fold back when it leaves the Odijk regime by reducing the confinement. This is called the backfolding regime and Odijk has proposed a one-dimensional Florytype theory to explain it 8 . Dai et al. 9 later suggested an alternative theory using a two-state cooperativity model of deflection segments and S-loops to predict its behavior. Recent study 10 using Monte Carlo chain growth showed strong evidence in support of the previous theory. There was a debate for the existence of a regime, called the extended de Gennes regime, which is next to the de Gennes regime and shares a similar size scaling behavior. Now the existence of the regime is broadly accepted [11] [12] [13] . Between these two regimes, a "transition" regime exhibits with a scaling exponent of −1, varying with the confinement width 14 . Currently, no theory can well explain it 2,3 . In this letter, we propose a simple, generalized scaling theory to describe the behavior of chain size, particularly in the region of strong confinement. The theory is further verified by performing molecular dynamics simulations for neutral chains as well as for charged chains (polyelectrolytes). The presence of electrostatic interactions and ions significantly changes the scaling behavior. The divisions of regime are thus modified for charged chain systems.
We consider a polymer as a freely-jointed chain coma) Corresponding author, email: pyhsiao@ess.nthu.edu.tw prising N self-avoided segments. Each segment is of length and width w. In dilute solutions, the scaling theory subdivides the chain into connected thermal blobs 5, 15 . Each blob envelopes g T consecutive segments and pervades a spherical space of size ξ T . By definition, the excluded-volume interaction energy of a thermal blob is equal to the thermal energy k B T . Inside the blobs exhibits ideal chain behavior, described by
ν , which can be derived to be R 0 ∼ 2−2ν w 2ν−1 N ν with ν being the Flory exponent. The polymer is now confined in a cylindrical channel of diameter D. We discuss the variation of the chain size by decreasing D. The confinement stars to influence the chain size when D is smaller than D * 1 ∼ R 0 . The chain is envisioned to break into a series of blobs of size ξ c ∼ D, aligned along the channel, with the segments in the blobs behaving as the Flory chains. It can be shown that the number of segments in a blob is g c ∼ 2−2/ν w 1/ν−2 D 1/ν and the chain has a size of When D < D * 2 , the blobs become the thermal blobs and are compressed to be ellipsoidal. Let ξ c and ξ c⊥ be the longitudinal and the transverse size of a compressed thermal blob, respectively. The confinement imposes the condition ξ c⊥ ∼ D and we set the following three scaling equations:
The first two equations describe the random-walk behav- ior of the chain segments in a blob. C and C ⊥ are functions of D, and w, which are introduced to describe the anisotropy of the walk in the confined space. The third equation equates the excluded-volume energy in a blob to the thermal energy where v ex is the effective excluded volume of a segment. For large D, v ex takes the bulk value 2 w. When D < , the rotation of a segment is restricted by the channel wall. v ex thus decreases and can be written as 2 w sin φ where φ is the angle between two segments. If φ is small, sin φ ∼ D/ and v ex scales as wD. The chain size derived from the three equations
In this compressed thermal blob region, researchers have found two scaling behaviors 2, 3 . The "extended de Gennes regime" predicts the chain size as and we understood it as a result of the crossover of the excluded volume from 2 w to wD.
ex , and
The expressions of R 2 and R 3 are in agreement with the simulations of Muralidhar et al. 16 . In Fig. 4 of the work, the chain extension X over the contour length L was seen to scale as (D/ )
x (w/ ) 1/3 with the exponent x changing approximately from −2/3 in the extended de Gennes regime to −1 in the transition regime.
If D decreases further more and has passed the transition regime, v ex becomes wD and we have C ∼
-scaling regime, which corresponds to the "backfolding regime" proposed recently by Odijk 8, 9, 16 . The boundary with the transition regime is estimated at D = D * 4 ∼ √ w. For the extreme situation where the chain cannot fold back in a very narrowed channel, Odijk has formulated a deflection chain theory, using the wormlike chain model, to describe the chain size 6, 7 . The result is
where p is the persistence length and A is a factor. The regime boundary occurs at D * 5 ∼ p . The complete scaling behaviors for the chain size R are summarized in Fig. 1 as a function of the confinement width D.
To verify the theory, Langevin dynamics simulations were performed to study single polymers confined in cylindrical channels, using bead-spring chain models. We first investigated neutral chain (NC) systems. Each monomer has mass m and the excluded volume interaction was modeled by the Weeks-Chandler-Andersen (WCA) potential with the parameters ε m = 1.2k B T and σ m = 1σ where k B T , σ, and m are the energy, length, and mass units of simulation, respectively. To shorten the notations, we will describe the physical quantities by omitting these units in the following text. The monomers were w. More information can be found in Supplemental Material. Fig. 2(a) shows the variation of the chain extension Z ext along the channel axis. We saw that Z ext is about constant when D is larger than R 0 . As D decreases to D * 1 40, the extension starts to climb. The chain enters the de Gennes regime, and approximately scales as D −2/3 . Since the extended de Gennes regime shows a similar scaling behavior, we cannot simply determine the boundary with the de Gennes regime from the size variation.
For NC1, the extension curve shows the transition behavior (D −1 -scaling) in the region 6 < D < 11. When D < 6, the scaling exponent decreases and changes gradually to −1/3. The chain then enters the Odijk regime as D < D * 5 ∼ p ∼ 3. These boundaries agree with the predictions within prefactors which were ignored in the scaling derivations. To show that the D −1/3 scaling corresponds to the backfolding regime, we have calculated in Fig. 2 (b) the probability P F of bond folding in the axial direction. P F is zero in the Odijk regime because the chain is unfolded. It becomes non-zero when D > 3, showing the occurrence of the chain backfold.
For NC2 and NC3 chains, we have w ∼ . It implies D * 3 ∼ D * 4 , which consequently shrinks the transition regime. The chains now go from the de Gennes regime, directly through the backfolding regime, to the Odijk regime 17 . Compared with the NC1 chain, these regimes occur at different places and the probability P F acquires a higher value because of the lack of the bending energy. The effect of finite chain length has been verified in Fig. S1 . The weak effect asserts that the scalings reported here have reached their asymptotic behavior.
We then simulated polyelectrolyte (PE). The settings are similar to the NC3 case except each monomer carries a negative unit charge −e. N m monovalent cations were dissociated from the PE chain because of the electroneutrality. A certain amount of monovalent salts were added into the solutions. The ionic strength of solution, I = 1 2 i z 2 i c i , was kept at constant, where z i and c i are the valence and the concentration of the ion species i, respectively. We assumed that an ion bead has mass m and the WCA parameters (ε i , σ i ) = (1.2, 1.0). The electrostatic interaction under periodic boundary condition was calculated using particle-particle particle-mesh Ewald with the Bjerrum length λ B setting to 3.0. We studied the confinement of flexible PE chains at three ionic strengths: I 1 = 0.00004, I 2 = 0.0004 and I 3 = 0.004, which correspond to 5 mM, 50 mM, and 0.5 M, respectively, in real units and cover from low to high ionic strength. The systems are denoted by PEfl-I 1 , PEfl-I 2 , and PEfl-I 3 . The results, shown in Fig. 3(a) , were further compared with the semiflexible PE chain of k a = 3.5 at I = I 1 , denoted by PEsf-I 1 , and the neutral chain NC3. The behavior of Z ext can be divided into de Gennes, backfolding and Odijk regimes. Noticeably, the de Gennes regime is subdivided into two regimes, namely In the region 3 < D < 7 ∼ 2λ B , the chain extension exhibits a D −0.3 -power law, no matter what the ionic strength is. This confined space goes inside the region of ion condensation, generally described by a tube region of radius λ B , surrounding the PE chain 18, 19 . Inside it, the ionic screening does not function any more. Consequently, the Z ext curves collapse together for different I values. The calculation in Fig. 3(b) shows that nonzero P F occurred as D > 3. It enables to relate this region to the backfolding regime. For D < 3, the chains is in the Odijk regime.
Compared with the semiflexible chains, we observed a broader Odijk regime for PEsf-I 1 . Unlike NC1, there exhibits no transition regime. It is because the electrostatic interaction dominates the chain stiffness in this case. The high ionic strength behavior (PEfl-I 3 ) looks similar to the NC3 chain except the characteristics of broader Odijk and backfolding regimes, owing to the electrostatic contribution to the persistence length.
We studied furthermore the fluctuation of the chain extension, δ. Theoretically, δ 2 is related to the thermal energy by 1 2 k eff δ 2 ∼ k B T where k eff is the effective spring constant obtained from the 2nd derivatives of the chain free energy F 2,3 . In the channel, the polymer forms a 1D blob chain. Hence, F is a sum of two terms: F = N gc F bl +F bc , where F bl is the free energy of a blob and F bc is the one of the blob chain. It leads δ 2 = N gc ∆ξ 2 c + ∆R 2 . For NC chains, the constituted blobs are soft and the fluctuations are mainly derived from the first term. The predictions were obtained tained at a constant from the bulk to the extended de Gennes regime. In the transition regime, it increases slightly with decreasing D, which becomes more obvious if the chain stiffness k a is increased. A similar fluctuation behavior has been reported in literatures 16 , in the region near D ∼ when /w 1. These results are consistent with the predictions of Eq. 4. For NC2 and NC3, δ 2 shows a smooth decrease, starting from a wider channel region because both of the extended de Gennes and transition regimes are shrunken.
It has been argued that δ 2 scales as D 2 in the Odijk regime using the deflection chain theory 3 . We did see this trend of behavior in the simulations. If the chain enters the backfolding regime from the Odijk, the chain segments are allowed to fold in the backward direction. The size fluctuation increases significantly, which causes the growth of δ 2 faster than D 2 . Fig. 4(b) shows the calculations for PE chains. δ 2 decrease when the chain leaves the bulk regime. Due to the strong electrostatic repulsion inside the blobs, the dominated contribution comes from the term of the blob chain ∆R 2 , which predicts δ 2 ∼ N 2 (
2− 1 ν in the de Gennes regime. The scaling passes D 0.33 and then arrives D 0.88 , corresponding consistently to the Flory-de Gennes regime with ν 0.6 and the electro-de Gennes with ν 0.89, respectively. Below the two de Gennes regimes, the interplay between the electrostatic interaction and the excluded volume of segment renders δ 2 a decreasing function, which follows by a chute, and finally shows D 2 -scaling in the Odijk regime. We have expanded the scaling theory and performed simulations to study polymers in different conditions of confinement. Length scales such as the persistence length and the chain width for neutral polymers, together with the Debye length and the Bjerrum length for charged chains, exert their influences by working with the channel width, which results in a variety of the scaling behaviors. When converting to real units, the newly predicted electro-de Gennes regime for flexible PE is expected to show in a channel of D between 2.5 and 25 nm at I 5 mM. Increasing the chain stiffness and the ionic strength shrinks the regime from the lower and the upper boundaries, respectively. Since the persistence length of dsDNA molecules is much larger than the upper boundary, the regime is not anticipated to exhibit in dsDNA confinement. To observe the regime, flexible PE such as ssDNA or RNA should be used in experiments in a low ionic strength condition.
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